The thermophilic fermentation of cellulosic material is generally regarded -as a result of the combined action of several species of bacteria, some of which attack the cellulose and others the sugars formed from the breakdown of the cellulose. Much effort has been spent on attempts to isolate the cellulose fermenters but very little attention has been paid to the associated sugar-fermenting organisms. Snieszko and Kimball (1933) Two cultures obtained from horse manure were used in this work. The first of these was enriched by serial transfer and heat shock on the cellulose medium of Viljoen, Fred and Peterson as modified by Tetrault (1930) . It was then plated on cellulose agar according to the method of Tetrault (1930) . The fermentation products of this culture on a cellulose medium are given in table 1 under "ctlture 1." To obtain the associated organisms free of cellulose-fermenters, the culture was transferred on the glucose medium given above. After five transfers the culture would no longer ferment cellulose. This culture will hereinafter be designated the "butyric" culture. The second culture was treated in the same way except that after plating it was further purified by the methcd of Snieszko (1933) . The fermentation of cellulose by this culture is given in table 1 under "culture 2." It was then transferred on the glucose medium to eliminate the cellulose fermenters and is referred to as the "acetic" culture.
Analytical methods Volatile acids were determined by a modification of the method of Virtanen and Pulkki (1928) . A 100 ml. aliquot of the fermentation liquor was acidified with sulfuric acid and distilled. In the distillation the sample was concentrated to 50 ml. and then A 100 ml. aliquot of this distillate was then distilled to determine the amount and distribution of volatile acids present. The first 10 ml. that came over were discarded because the presence of carbon dioxide would cause an error in the titration. The volatile acids present were calculated from titrations of the next three 25 ml. fractions with 0.1 N barium hydroxide from a micro-burette. Non-volatile acids, calculated as lactic acid, were determined by extraction of the residue from the volatile acid distillation with ether in a Kutscher-Steudel apparatus and titration of the extract with barium hydroxide. Glucose was determined by the method of Somogyi (1937) ; formic acid by the method of the American Association of Official Agricultural Chemists (1935); ethyl and butyl alcohols by the method of Johnson (1932) ; carbon by a modification of the method of Friedemann and Kendall (1929) ; acetylmethylcarbinol by the method of Langlykke and Peterson (1937) ; 2,3-butylene glycol by a modification of the method of Brockman and Werkman (1933) ; isopropyl alcohol by the method of Allgeier and Tatum as quoted by Langlykke, Peterson and McCoy (1935) ; and acetone by a modification of Goodwin's (1920) method. Carbon dioxide was absorbed in potassium hydroxide. After fermentation, phosphoric acid was added to the culture to decompose the remaining carbonate and CO2-free air was drawn through to aspirate out the dissolved CO2. The excess hydroxide in the absorption tube was then titrated after precipitation of the carbonate with barium chloride. The difference between the value obtained for the fermentation and the value obtained for the uninoculated control was taken as the carbon dioxide production.
Fermentation by "butyric" and "acetic" cultures The progressive fermentation of glucose by the "butyric" culture is show in ratio of acetic acid to glucose fermented was found to be 2.50 and 2.59 respectively in the two experiments reported. This is of particular interest because no such fermentation has previously been reported, and because the classical 3-3 cleavage of glucose does not permit a ratio higher than 2.0. Consequently an attempt was made to isolate the causative organism in pure culture and to determine the ratio between the two compounds with the greatest of care. Isolation and description of Clostridium thermoaceticum n. sp.
In or,er to plate the "acetic" culture the calcium carbonate was left out of the medium and 1.5 per cent agar was added.
Plates were incubated both aerobically and anaerobically, and at least two organisms, an aerobe and an anaerobe, were shown The fermentation of carbohydrates and related substances was tested after a preliminary fermentation of the medium with Saccharomyces cerevisiae to remove the sugar introduced with the liver extract. No increase in titratable acidity was produced in presence of the following compounds: raffinose, l-arabinose, rhamnose, trehalose, melezitose, sucrose, maltose, lactose, cellobiose, inulin, dextrin, glycogen, starch, cellulose, amygdalin, salicin, alpha-methyl glucoside, inositol, erythritol, perseitol, dulcitol, mannitol, glycerol, and i-lactic acid. The degree of fermentation of those compounds which produced an increase in titratable acidity is shown in table 5. In the case of reducing substances the amount of fermentation was measured by the percentage decrease in reducing power as indicated by Somogyi's sugar reagent. For the non-reducing substances the contents of the tube were acidified with syrupy phosphoric acid and distilled at constant volume until 25 ml. of distillate were obtained. The distillate was then titrated with 0.1 N barium hydroxide to the phenol red end point. It can be seen from the table that glucose, fructose, and xylose are readily fermented, and that there is a lesser fermentation of galactose, mannose, d-arabinose, d-lactic acid, gluconic acid, and aesculin.
Since an anaerobic, spore-forming acid-forming thermophile which does not produce gas from carbohydrates had not previously been described, this organism is regarded as a new species. It falls in the genus Clostridium, and the name Clostridium thermoaceticum, n.sp., is proposed because of its thermophilic nature and because the principal product from the fermentation of carbohydrates is acetic acid. Origin of acetic acid Elaborate precautions were taken to check the accuracy of the ratio of acetic acid to glucose fermented. Acetic acid was determined by the previously mentioned method and was checked in several ways. The standard barium hydroxide used for titrations was checked against primary standard potassium acid phthalate and against primary standard sodium carbonate. The observed value for acetic acid was corrected for the slight blank obtained on the uninoculated control, and checked by a direct titration of the volatile distillate with standard sodium hydroxide. Errors due to carbon dioxide were shown to be absent by checking acetic acid recovery from a standard solution of acetic acid which was saturated with carbon dioxide. The possibility of a mixture of formic acid and some acid higher than acetic appearing as acetic in the volatile acid determination was investigated by an independent determination of formic acid, which acid was not present.
The glucose determinations by Somogyi's method were checked against the macro method of Shaffer and Hartmann (1921) and the method of Stiles, Peterson, and Fred (1926) . Essentially the same data were obtained by each of the three methods. All three methods had previously been standardized against Bureau of Standards glucose. The basal medium was tested to see if it had an excessive reducing value and a figure of 1.0 mgm. glucose equivalent per ml. was obtained. To eliminate error from this source the basal medium was inoculated with S. cerevisiae and the resulting fermentation lowered the reducing value to 0.15 mgm. glucose equivalent per ml. Glucose was then added, the medium was sterilized, and fermented as usual. Again a ratio of 2.5 moles of acetic acid per mole of glucose fermented was obtained. The possibility of glucose destruction by the two weeks incubation at 600 was then investigated. In the early part of this work it was observed that the uninoculated control flask darkened a great deal if incubated at 600. Consequently, in subsequent work the control flasks were left at room temperature so that glucose destruction due to heat would not give a low figure for original glucose. There still remains the possibility of glucose destruction in the fermentations themselves. To check whether such destruction did take place, sterile control flasks were incubated at pH 6.0 and 600C. for two weeks and the loss in sugar content was noted. Four such determinations gave values of 2.4, 5.5, 6.1, and 11.2 per cent destruction. It is difficult to correct the fermentation values according to these data, since the inoculated flasks are under somewhat different conditions than are the uninoculated control flasks, and since the sugar content of the inoculated flasks is constantly decreasing. However, any such correction would decrease the figure for glucose consumed, and hence would raise rather than lower the ratio of acetic acid to glucose assimilated. Furthermore, these data do not indicate on November 4, 2017 by guest http://jb.asm.org/ Downloaded from NEW TYPE OP GLUCOSE FERMENTATION that the correction is large enough to raise the ratio to 3.0. For example, if we assume a correction of 5 per cent on the glucose figure, this would raise the ratio in a typical case from 2.5 to 2.65. Acetic acid determinations on the uninoculated incubated flasks showed that the glucose destruction gives no appreciable amount of volatile acid, and hence cannot cause an error in the acetic acid determination.
As a result of these experiments it was concluded that the figures for glucose consumed and acetic acid produced were essentially correct. However, the possibility remained that acetic acid was being produced from compounds other than glucose. Such a situation might occur if the basal medium contained a fermentable polysaccharide. This is unlikely, since the organism did not ferment any of the disaccharides, trisaccharides, or polysaccharides tested as reported above, but in order to be certain this point was investigated further. To do this, reducing sugars were determined on the medium before and after hydrolysis for one hour with normal hydrochloric acid at 100°C. No increase in reducing sugar was observed.
After eliminating the possibility of acetic acid coming from polysaccharides, it was still conceivable, though unlikely, that acetic acid was being formed from the non-carbohydrate organic matter in the medium. This possibility could be materially lessened by finding a suitable medium which contained a smaller amount of extraneous organic matter. After several trials the medium finally selected (medium 2) was the same as medium 1 except that the tryptone was reduced from 0.5 per cent to 0.1 per cent, the liver extract was reduced from 200 ml. to 100 ml. per liter, and 0.1 gram per liter of a concentrate containing 10 per cent pantothenic acid was added. The results of fermentations on medium 1 and medium 2 are shown in table 6. The carbon in the acetic acid in excess of 2 moles per mole of glucose was calculated to be 64.2 mgm. per 100 ml., as shown in the next to the last column of the table. The carbon in the basal medium (without glucose) was determined and was found to be 95 mgm. per 100 ml. Consequently if the acetic acid in excess of 2 mM per mM of glucose fermented came from the non-carbohydrate organic material, then 64.4/95.0 X 100 or 67.8 per cent of this noncarbohydrate carbon must have been converted into acetic acid. Since such an occurrence is extremely unlikely, especially in view of the non-proteolytic nature of the organism, it may be assumed that this excess acetic acid does not come from the non-carbohydrate organic material. Additional evidence for this 9-147 contained about 3.5 times as much carbon in non-carbohydrate organic matter, the figures for excess acetic acid carbon are approximately equal. If acetic acid were being formed from the non-carbohydrate organic material one might expect the excess acetic acid in no. 9-147 to be about 3.5 times as great as that in no. 301. Table 7 contains data on 10 fermentations having a constant amount of non-carbohydrate carbon-(medium 1) arranged in order of glucose fermented. The amount of glucose fermented varies from 3.88 to 11.54 mM per 100 ml., but in spite of this there is no significant variation in the ratio of acetic acid to glucose fermented. If acetic acid were being formed from substances other than glucose, one might expect that the ratio would become smaller as the amount of glucose fermented increased. The constancy of this ratio, notwithstanding variation either in glucose fermented or in non-carbohydrate organic carbon present, is in accord with the previous conclusion that acetic acid is not formed from the non-carbohydrate organic material.
Another possible source of the carbon in the acetic acid is the carbon dioxide liberated by acetic acid from calcium carbonate. If the bacteria used this carbon dioxide there would be an increase in organic carbon in the medium. To check this possibility a finished fermentation and an uninoculated control flask were acidified with phosphoric acid and warmed slightly to decompose residual calcium carbonate and drive off the liberated carbon dioxide. Carbon determinations were then made on both flasks by the moist carbon method and the carbon content was found to be the same in both flasks. Therefore, there is no net carbon dioxide uptake during the fermentation, and hence the carbon in the acetic acid could not have come from this source.
Carbon balance A molar ratio of acetic acid to glucose of 2.55 (average from (based on original volume), while the carbon calculated from the acetic acid determination was 3.88 mgm. per ml. Consequently no volatile compounds other than acetic acid are formed. The residue from this distillation contained 6.54 mgm. carbon per ml., and was extracted with ether in a Kutscher-Steudel type extractor for 72 hours. Since some of the material was carried over mechanically, the extract was reextracted for the same length of time. The carbon in this extract was 0.21 mgm. per ml., whereas the unaccounted for carbon in the glucose fermented is 0.75 mgm. per ml. The carbon content of the ether extract is probably due to partial extraction of materials in the tryptone and liver extract, and apparently no appreciable amounts of ether-extractible materials are produced.
From these data it appears that 85 per cent of the carbon in the glucose fermented goes to acetic acid, and about 5 per cent goes into the cells. The remaining 10 per cent is present in the fermented medium but cannot be separated by distillation or ether extraction. Part or all of this 10 per cent is probably composed of glucose decomposition products resulting from the two weeks incubation at 60°C.
Since, in this fermentation, 2.5 moles of a two-carbon compound (acetic acid) are obtained from 1 mole of glucose, it seems probable that either there is some primary cleavage of glucose other than the classical 3-3 split, or that a one-carbon compound is being reabsorbed. Of these two possibilities, the recent work on carbon dioxide uptake makes the latter seem more likely.
Although the carbon analyses show that there is no net gain or net loss of carbon, it is nevertheless possible that a one-carbon compound is produced and then reabsorbed. Such a condition has been demonstrated in the case of Escherichia coli by Wood and Werkman (1940) .
SUMMARY
Two types of bacteria associated with cellulose fermentation were studied. One grows rapidly and ferments glucose to lactic acid, subsequently converting the lactic acid into acetic and butyric acids. The other grows slowly and produces about 2.5 moles of acetic acid per mole of glucose fermented.
The organism responsible for the production of acetic acid in mixed culture was isolated in pure culture. It is an obligately anaerobic, spore-forming, acid-forming, thermophilic rod which has not previously been described. The name Clostridium thermoaceticum n.sp., is proposed for it. In the fermentation of glucose, 2.5 moles of acetic acid are formed for each mole of glucose assimilated. Evidence is presented to show that the acetic acid does not come from sources other than glucose.
In the fermentation of glucose by Clostridium thermoaceticum, 85 per cent of the carbon in the glucose destroyed is recovered as acetic acid, and 5 per cent as cells. The remaining 10 per cent cannot be separated by distillation or ether extraction, and at least part of this 10 per cent is accounted for by glucose decomposition products resulting from the two weeks incubation at 60°C.
